In this study optical properties of InGaN/GaN/Al 2 O 3 multi-quantum well (MQW) structures are investigated in detail. Three samples containing InGaN/GaN/Al 2 O 3 MQWs are grown by using metal organic chemical vapor deposition technique. Sapphire (6H-Al 2 O 3 ) is used as the substrate. Forbidden energy band gaps (E g ) of these three samples are determined from photoluminescence and absorption spectra. Results gained from these two spectra are compared with each other. It is found that E g values are between 2 and 3 eV. For determining refraction index, absorption coefficients, extinction coefficients and thickness of the films a rare method called Swanepoel envelope method is used. It is seen that results gained from this method are consistent with those in literature.
Introduction
In recent years, there are many studies for discovering materials to construct high-efficiency optoelectronic devices. As the result of studies done by different researchers, it is noticed that III-group nitride-based materials are convenient for such studies. Nitride-based semiconductors can operate under high pressure and at high temperature. Because of these properties, they are preferred instead of traditional semiconductors [1] . Nitride-based semiconductors such as GaN and InGaN are promising structures for forming solar cells (SCs), light emitting diodes (LEDs) and high electron mobility transistors (HEMTs). It is difficult and expensive to grow GaN on sapphire directly. Because of lattice mismatch and difference in thermal expansion coefficients, there may come out cracks in the layers if GaN is directly grown on sapphire [2] . To prevent this situation a GaN buffer layer at low temperature is grown over sapphire first. Decreasing temperature of this buffer layer is to optimize lattice mismatch. Though this buffer layer is grown over sapphire, for optimizing lattice mismatch, it may still be at 10 10 -10 15 levels [3] . This situation results with high dislocation density. High dislocation density may effect device performance in a negative way. For this reason, they are called threading dislocations (TDs) [4] . Because E g s of InGaN and GaN are different (E g values for InN and GaN ranges between 0.7 and 7 eV) [5] when they are grown together a potential step comes out. This structure is called quantum well (QW). Because there are more than one InGaN layers in the structures they are called MQWs [6] .
In this study E g s of InGaN and GaN are determined by using PL and absorbance spectra. A material can be excited by using light. When a photon hits an electron of atom of the material that electron is excited to a higher energy level. Because materials want to be stable this excited electron returns back to its previous level naturally. The extra energy is emitted as a different photon. This physical event is called PL. The energy of the emitted photon absolutely equals to the energy gap between two levels [7] . This energy gap can be measured by using PL peaks. Also, E g of a material can be measured by using absorbance spectra. If there is absorbance it means there is no reflection. Extinction is the sudden decrease of energy of incident photon in the material [8] . E g values gained from PL and absorbance are compared and discussed in results and discussion section. For determining optical properties such as refractive index, absorbance coefficient, extinction coefficient and thickness, a method invented by Swanepoel in 1983 is used [9] . For application of this method to InGaN/GaN MQWs, transmission spectra is needed. Transmittance is the ratio between intensities of incident and transmitted light from the sample [10] . In Swanepoel method maximum transmission (T M ) and minimum transmission (T m ) values are determined and used by a convenient software. The method used for determining T M and T m values is called as Swanepoel envelope method. Results gained from this method are in good accordance with those in literature.
Surface morphology of the samples can be determined by using Scanning Electron Microscope (SEM). SEM has greater resolution and magnification ratio (25 × 10
3 ) according to optical microscopes. Electrons emitted from electron source are accelerated and they hit the sample surface. Some of these electrons are reflected by elastic collisions and some of them cause secondary electrons by inelastic collisions [11] . These secondary electrons form the image in SEM.
Experimental
Trimethylgallium (TMGa), trimethylindium (TMIn) and ammonia are distorted to Ga, In and N, respectively. This distortion is made in Aixtron 200/4 HT-S MOCVD reactor. Distortion is separation of Ga, In and N in TMGa and TMIn. GaN (LT-GaN) is grown on Al 2 O 3 substrate under low pressure and at low-temperature condition. InGaN layer is grown on this layer by using TMGa, trimethylaluminium (TMAl) and ammonia. Transfer of these gasses is maintained by using high-temperature H 2 source. Three samples are formed and they are called as sample A (S.A.), sample B (S.B.) and sample C (S.C.), respectively. Sapphire substrate is cleaned from oxide layer over it by annealing at 1100 °C for 10 min under nitrogen atmosphere. This cleaning operation is applied before epitaxial growth. LT-GaN layer is grown on substrate to decrease lattice mismatch. All three samples contain LT-GaN buffer layers with different thicknesses (Fig. 1 
Results and discussion
In this study, optical properties of InGaN/GaN/Al 2 O 3 MQWs are characterized by using PL, transmission and absorbance spectra. Jobin-Yvon Fluorolog-550 PL device is used for taking PL data. In this system for excitation 50 mW HeCd (λ = 325 nm) laser source is used. Figure 2 shows PL spectra of three samples. In this figure a, b and c plots show energy dependent PL spectra and inserted plots show wavelength dependency of PL spectra.
It is possible to gain forbidden energy band gaps (E g s) of the samples by using the peak in PL spectra. The peak center in energy versus intensity plot gives directly the E g value. Energy values are calculated by the help of wavelengths. To determine energy dependent on wavelength, (E = hc/λ) equation is used. For S.C., in PL spectra there is one more peak on the left of InGaN peak. This peak is estimated to belong GaN active layer. In literature, E g of InGaN is in blue region [12] but here it is found shifted to green region. This situation may be caused by In content. Because of In content, there may be shifts in PL spectra from expected region [13] . In wavelength dependent PL spectra in inserted plots, it is seen that there is a decrease in PL intensity after 600 nm wavelength. This means that there are no other energy levels belong to any component of InGaN. As a result for all three samples, E g values are found between 2 and 3 eV. Also, there are many splitting peaks on PL spectra. These maybe caused because of MQW structure of the samples.
Transmission measurements of InGaN/GaN/Al 2 O 3 MQWs are made. By using optical transmission spectra, thickness of the films, refractive index, extinction coefficient and absorption coefficient can be calculated. In the equations below n s is the refractive index of bottom layer, sapphire. In Fig. 3 , transmission spectra of three samples can be seen. In the inserted plots of Fig. 3 T M and T m are maximum and minimum values of transmission interference pattern. They are drawn as upper and lower envelopes as a function of wavelength by using a convenient software [14] .
Atomic radius of the elements Ga and N are also effective in transmission spectra. Atomic radius can be calculated by using Eq. (3). In this equation r is the atomic radius, r 0 is the basic atomic radius and it equals to 1.2 fermi. A is mass number. Results gained from this equation are listed in Table 1 .
If T M and T m are represented with a mathematical model we gain Eq. (1). The equation for refractive index is given in Eq. (2) . N in Eq. (2) can be calculated by using Eq. (4). In this equation 1/2 and 2 are calibration coefficients used for nitride based semiconductors.
(1) (5) is thickness of the film [16] .
Variation of refractive index dependent on wavelength is shown in Fig. 4 . In S.B. refractive index values show a fluctuated behaviour. The reason for this may be the density of pinholes on the surface or inhomogeneous In content in the structure [17] . Pinholes are described and
shown in Fig. 6 SEM images. For S.A. and S.C. refractive index values and their variation dependent on wavelength are normal and in accordance with literature. For S.A. refractive index is nearly constant at all wavelengths. In this study, x is calculated by using both methods and they are found in accordance. In Table 2 x values from both methods are shown. One of the x values in Table 2 is calculated by using T M (upper envelope values in Fig. 3 )
and the other is calculated by using T m (lower envelope values in Fig. 3 ). They are shown on Table 2 to indicate that any of them can be used for calculations because there is very little variation in the values gained from both definitions. E M , E m , N are parameters needed for calculations they have no name. Absorption coefficient (α) from x value can be gained by using Eq. (10) [18] , and extinction coefficient (k) can be calculated by Eq. (11), Absorption and extinction coefficients and thicknesses of all three samples are listed in Table 3 In a semiconductor structure, by measuring the effect of photon energy to absorption coefficient, the forbidden energy band gap of the semiconductor can be gained. For all three samples absorption plots are shown in Fig. 5 .
x-axis intercept of high energy region fit in these plots gives forbidden energy gap. As can be seen for all three samples E g values are between 2 and 3 eV just like the ones gained from PL spectra. There may be small shifts in measured E g values from PL and absorbance spectra. The absolute values of E g for these three samples are different from each other but they are all between 2 and 3 eV. For a better approximation this energy range is used.
SEM images for S.A., S.B., and S.C. can be seen in Fig. 6 . In these images, pinholes on the surface of the samples can be seen clearly. Because of great lattice mismatch between sapphire and GaN and the difference in thermal expansion coefficients TDs are formed at the interface. These TDs act as micro pipes supporting carrier density in the semiconductor structure. At the tip of these micro pipes on the surface, there forms holes. Because of their nano, scale they are called as pinholes [19] . Pinholes are not desired in optical and structural terms. For improving electrical properties they may be desired. These structures can also be used as SCs. Pinholes helps increasing carrier density so they are useful in electrical terms.
Dislocation is described as lattice fault. Dislocations may cause even cracking on the surface of crystal. To prevent or minimize dislocations, it is necessary to grow a lattice matched layer on the substrate. To measure dislocation density there are formulas dependent on XRD data. However, here SEM images are used. Dislocation dots (pinholes) can be counted per cm 2 and number of them can be divided to the area they are found in. Result of this calculation gives dislocation density. In S.A, S.B and S.C dislocation densities are calculated as 10 8 , 2 × 10 9 and 8 × 10 9 cm −2 , respectively. These results gained from SEM images are in good accordance with one of the previous works done by authors that they calculated dislocation densities from XRD measurements [13] .
Some lattice spacings in the shape of "V" (Fig. 6d ) are determined in SEM images on the cross-section of the substrate. Here in local region with statical ion pushing and growing on the sharp side of this inverse "V" deposition of ions with their gravity is seen. This is an interesting and exciting observation.
Conclusion
In this paper, optical properties of InGaN/GaN/Al 2 O 3 structures grown by MOCVD are investigated by using PL, transmission, Swanepoel envelope method and absorption spectra. According to PL and absorbance characterization, Eg values of all three samples are found between 2 and 3 eV. By using Swanepoel envelope method thicknesses of the films on sapphire are found around 10,000 nm. This result in accordance with growth conditions. Refractive index values are found around 1.76 and x values needed for absorption and extinction coefficient are found around 11. It is seen that all the results gained in this study are in good accordance with the previous works done by different authors. 
